Abstract-We investigate the effects of perfusion with electrolyte solution on secretion of mucus by the frog palatine mucosa.
perfused with a Tris-Cl-substituted Ringer's solution free of Call. Following perfusion with Ringer's solution, many granules containing mucus were observed in the lower part of a goblet cell in the ciliated epithelium. Moreover, shrinkage of the goblet cell but not the ciliated cell was observed electron microscopically.
The difference in membrane permeabilities to Na+ and Ca2+ between the ciliated cell and the goblet cell may play a role in the suppression of mucus by the palatine mucosa.
Ciliary movement has been measured by the following methods: a) the particle transport method (1), b) the photographic method by which the frequency of the ciliary beat can be recorded directly using a stroboscope (2, 3) , c) the photoelectric method by which frequency of voltage variations corresponding to the ciliary beat frequency is recorded on an oscilloscope or is counted electrically in a rate meter (4) . These methods have been used to examine the effect of chemical compounds on ciliary activity in the mucus-covered system of a variety of experimental models (5) (6) (7) (8) . There are many discrepancies in the results obtained using these methods (9, 10) . We think that the discrepancies may occur because ciliary movements are measured by these methods under the conditions in which mucus secretion is not suppressed.
The ciliated epithelium of most animals is covered with a mucus layer, and the measure ment of ciliary movement in such tissues is markedly influenced by the thickness and the viscosity of this mucus coat.
In practice,
there have been no reports of mucus secretion being almost completely suppressed by the effect of some electrolytes on mucus cells of frog palatine mucosa epithelium without suppression of ciliary movement. In recent years, the ciliary beat in a single ciliated cell has been recorded using a high speed cinemicroscope (11) . This method, however, requires enzymatic digestion and mechani cal dispersion to obtain a single cell from the frog pharyngeal epithelial tissue.
Moreover, the effects of drugs on control mechanisms of ciliary beating cannot be feasibly examined.
In the present study, we examined the effects of the perfusion with Ringer's solution on the mucus secretion and the ciliary movement of frog palatine mucosa epithelium.
MATERIALS AND METHODS

Preparation
of mucus-free-system: After injection of 1,000 IU of heparin into the ventricle of bullfrogs anesthetized with pentobarbital (20 mg/kg), cannulae were inserted in both the right and left truncus arteriousus, and the left atrium was opened. The perfusion was carried out with amphibian Ringer's solution at 50 cm H20 with a velocity of 1.0 ml/min.
Frogs without perfusion were used under anesthesia as a control experiment. Results were expressed initially as seconds/total distance; thus, increases in transit time correspond to slower particle transport.
Since basal transport rate in the palatine mucosa fluctuated as much as 100%, results were normalized to the percent of the initial rate for each mucosa. Some results were also expressed as distance per minute (mm/min).
Determination of mucus hexosamine:
Mucus secreted in situ from the palatine mucosa of frogs with or without perfusion was collected in a test tube by aspirating with a pipette.
In in vitro experiments, the palatine mucosae (15 mm2) dissected from frogs were incubated with 3 ml of amphibian Ringer's solution at 25°C, removed from these suspensions with a pincette, and hexosamine content in this solution was measured. The mucus preparations thus obtained were in cubated with 4N HCI solution at 100°C for 14 hr (12). They were then frozen and placed in a freeze-drying unit. After drying, these samples were dissolved in 1.5 ml of distilled water.
The hexosamine contents of these solutions were measured by the method of Blix (13 (P<0.01) as compared with the control group which was not perfused (Fig. 2) . Effects of bromhexine (10-6M), pilocarpine (10-5 M), and adrenaline (10-5 M) on suppression of mucus secretion are shown in Fig. 3 . Mucus secretion by palatine mucosae of frogs without perfusion was increased about 2.5, 4.0, and 3.5-fold by administrations of bromhexine, pilocarpine, and adrenaline, respectively. In contrast, these drugs had little effect on mucus secretion in the case of perfusion with Ringer's solution (Fig. 3) . The ciliary move ment decreased when the concentrations of these drugs were increased.
Accelerations of ciliary movement with application of acetylcholine, adrenaline, and serotonin to palatine mucosae of frogs, with and without perfusion with Ringer's solution, are shown in Table 1 but that the effect of serotonin on ciliary movement was not enhanced by the per fusion.
Granules containing mucus were observed in goblet cells of the ciliated epithelium of frog palatine mucosae without perfusion. Accumulation of many granules was also observed near the free surface of many goblet cells of the frog palatine mucosae without perfusion (Fig. 5A) . Numerous granules containing mucus remained in many of the goblet cells of frog palatine mucosae under perfusion with Ringer's solution (Fig. 5B) . However, such accumulations could not be observed near the surface of all the goblet cells when perfused with Ringer's solution.
Ciliated epithelium of frog palatine mucosa was also observed under a light microscope.
The goblet cells in palatine mucosae isolated from frogs shrank markedly after perfusion with Ringer's solution, while such shrinkage did not occur in the ciliated cells (Fig. 6B) . Shrinkage of goblet cells and ciliated cells were not observed in the palatine mucosae of frogs without perfusion (Fig. 6A) .
Effects of perfusion with Ringer's solution lacking Na+, K+, or Ca2+ on both mucus secretion and ciliary movement are shown in Table 2 . Mucus secretion measured by the amount of hexosamine in mucus was sup pressed almost completely by perfusion with either the standard Tris-Cl-subs tituted Ringer's solution described previously as a control perfusion medium (110 mM NaCI, 2 mM KCI and 1 mM CaCl2) or the Ringer's solution free from K+ (110 mM NaCI, 0 mM KCI and 1 mM CaCl2)
When the palatine mucosae were perfused with the Ringer's solution containing low concentration of Na+ (1 mM NaCI, 2 mM KCI and 1 mM CaCl2), mucus hexosamine secretion increased remarkably and ciliary movement rate decreased slightly If the Ringer's solution free from Ca2+ (110 mM NaCl, 2 mM KCI and 0 mM CaCl2) was used for the perfusion, the amount of hexosamine secreted was 36 4±3 2 /ng per frog, which is about half that observed using the Ringer's solution with low Na+ In this case, ciliary movement stopped completely
In order to examine whether ciliary move ment can be measured in vitro in the absence of mucus (Fig 7) , when the mucosae were isolated from frogs without perfusion The mucus secretion from these isolated mucosae increased significantly with the passage of time. In contrast, if the mucosae were isolated form frogs after perfusion with Ringer's solution, the mucus secretion from the isolated mucosae increased only slightly.
DISCUSSION
The frog palatine mucosa has extensivly been as a model system for studying ciliary activity and mucus flow in respiratory tissue, both in vitro and in vivo (11, 15, 16) . In these frog palatine mucosa epithelia, few mucus glands were detected, although mucus is generally secreted by both goblet cells and mucus glands.
The volume of mucus has been usualy measured to study mucus flow in the case of respiratory tissues.
However, the small amount of mucus secreted by small animals or by small organs cannot be measured us ing this approach.
In the present study, the amount of mucus was determined by measuring hexosamine after changing it to N-acetylhexosamine sicne mucus contains glucosamine as an acid mucopolysaccharide. This method proved to be convenient for measuring mucus secretion in small animals and small organs.
Mucus secretion by the palatine mucosae of frogs under perfusion with Ringer's solution was markedly suppressed, while ciliary move ment was not depressed at all. Effects of acetylcholine and adrenvline on the ciliary movement of the palatine mucosae of frogs under perfusion with Ringer's solution were more marked than those of these drugs on the ciliary movement of mucosae of frogs without perfusion (Table 1) . It seems that these effects are caused not only by the suppression of mucus secretion but also by the increase in reactivity of acetylcholine and adrenaline as the result of the perfusion with Ringer's solution.
On the other hand, the suppression of mucus secretion by perfusion with Ringer's solution was not significantly decreased with bromhexine, pilocarpine and adrenaline, which stimulate mucus secretion (Fig. 3) . The physiological function of goblet cells which were perfused with Ringer's solution may be completely lost by the inhibition of mucus formation or by the stoppage of mucus granule transport, only in the pres ence of mucus secretion stimulators. When Ringer's solution lacking Na+ was used for the perfusion, the mucus secretion by the mucosae was not significantly suppressed. This phenomenon observed for goblet cells was consistent with those observed for epithelial cells of frog skin (17) and the mammalian salivary gland (18) . It is now generally accepted that the plasma membranes of epithelial cells of frog skin and mammalian salivary gland are specific with regard to the mechanism of Na+ transport.
It is assumed the Na+-pump is present only on one side of these cells. If we assume that the frog palatine mucosae have defects in the Na+-pump on one side of the goblet cells, the suppression effect of the perfusion on mucus secretion can be postulated as follows: when frogs were perfused with Ringer's solution containing Na+,Na+ would enter into the goblet cells by passive transport from one side of the cells and be concentrated there due to the im perfection in the Na+-pump on the other side of the cells. The accumulation of Na+ in the goblet cells would lead to inhibition of the mucus formation.
Ongoing studies are expected to give support to this hypothesis.
On the other hand, perfusion with K+-free Ringer's solution also suppressed the mucus secretion by the palatine mucosa of frogs. When Ca2+-free Ringer's solution was used for the perfusion, the mucus secretion by the mucosae was partially suppressed. This result shows that Ca2+ also plays a role in the suppression of mucus secretion.
Finally it is important to note that the perfusion should be carried out under con ditions described in "Materials and Methods" in order to suppress mucus secretion.
